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PATENT 

ATTORNEY DOCKET NO: 04873/065001 

- ATHERMALIZED PLAS TTCTENS 
Cross Reference To Related Applications ■ 
The present application's a continuation-in-part of 
U.S. Application Serial No. 08/953,543, filed October 20, 
1997, which is a continuation-in-part of U.S. Application 
Serial No. 08/624,935, filed March 22, 1996, which is a 
continuation-in-part of U.S. Application Serial No. 
08/173,255, filed December 27, 1993, which is a divisional 
of U.S. Application Serial. No. 07/860,390, filed March 30, 
1992. The four aforementioned applications are incorporated 
by reference herein in their entirety. 

Background of the Invention 
The invention relates to an athermalized plastic 

lens . 

In a system (e.g., a bar code scanner) that relies 
on a specific optical property (e.g., a specific focal 
length) of a lens, changes in temperature that affect the 
specific optical property of the lens can cause the system 
to function improperly or inaccurately. For example, if the 
lens is used in a bar code scanner to focus light reflected 
from a bar code symbol onto a CCD device that produces an 
image of the symbol, the produced image may be too out -of - 
focus to be effectively decoded if the focal length of the 
lens is affected significantly by a temperature change. 
Typically, a glass lens is more resistant to temperature 
changes than a plastic lens having the same shape. 

^ Xsummarv of the Invention 
The invent ion^provides an athermalized plastic lens ' 
in which optothermal clfa£ges are balanced by refractive and 
diffractive optics, al|o\^gN^ie lens to achieve thermal 
performance characteristics sirni3>ar to those of a glass 



lens, while being inex^nsjj^^eT -- Tright weight, and easily 
shaped. When th^3r^rTifincludes an axicon, the lens provides 
equipment^stTch as bar code scanners with an extended working 
r^ng^T 

Preferred implementations of the invention may 
include one or more of the following. The lens may include 
a refractive surface and a diffractive optical element, 
wherein optothermal changes due to the refractive surface 
counter optothermal changes due to the diffractive optical 
element . The optothermal changes may cancel each other and 
include changes affecting the focal length of the lens. The 
lens may include polycarbonate. The lens may include 
acrylic. The lens may include a net positive power. The 
optothermal expansion' coefficient of the refractive optical 
apparatus may be higher than an optothermal expansion 
coefficient of the diffractive optical apparatus. The lens 
may include a diffractive optical element that is 
substantially smaller than the lens. The first surface of 
the lens may provide substantially all of the negative power 
of the lens, and the second surf ace of the lens may provide 
substantially all of the positive power of the lens. The 
surface of the lens may provide substantially all of the 
negative power of the lens and substantially all of the 
positive power of the lens. The diffractive optical 
apparatus may include a diffractive optical element that is 
substantially spherical in average. The surface of the lens 
may be substantially flat. The refractive optical apparatus 
may be divided unevenly between first and second surfaces of 
the lens. Substantially all of the diffractive optical 
apparatus may be disposed on one surface of the lens. The 
diffractive optical apparatus may be divided substantially 
evenly between first and second surfaces of the lens. The 
lens may include an axicon. The axicon may include a 



polymer. The axicon may be disposed at a substantially 
spherical surface of the lens. The diffractive optical 
element and the axicon may be disposed at different surfaces 
of the lens. The lens may include a diffractive optical 
5 element that includes at least eight phase levels. The lens 
may include a diffractive optical element that includes 
fewer than nine phase levels. The axicon may be affixed to 
a surface of the lens. The lens may include an aspherical 
surface having the optical properties of a combination of a 
10 spherical surface with the axicon. The lens may include a 
doublet. The lens may include a Cook triplet anastigmat. 
The lens may include a symmetric double Gaussian. The MTF 

C9 of the lens may be higher with the axicon than without the 

axicon for bar code symbols having spatial wavelengths of 

y] 15 10-20 mils, inclusive. The MTF of the lens may be at least 

J** 0.2 for a 10 mil bar code symbol' that is from about 4 to 

%j about 16 inches away from the lens. 

Other advantages and features will become apparent 

f*i from the following description and from the claims. 

2 0 Brief Description of the Drawings 

p FIG. 1 is an illustration of an embodiment of an 

M athermalized plastic lens having refractive surfaces and 

diffractive optical elements. 

FIGs. 2a and 2b are illustrations of diffractive 
25 optical elements that are used in embodiments of the 
athermalized plastic lens. 

FIGs. 3 and 4 illustrations of embodiments of the 
athermalized plastic lens. 

FIG. 5A is a conceptual illustration of an 
30 embodiment of the athermalized plastic lens having an 
axicon . 
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FIG. 5B is an illustration of the embodiment of FIG. 

5A. 

FIG. 6 is a flat-profile illustration of a 
diffractive optical element used in the embodiment of FIGs. 
5 5A-5B.- 

FIG. 7 is an illustration of another embodiment of 
the athermalized plastic lens having an axicon. 

FIG. 8 is an illustration of bar code scanning using 
an athermalized plastic lens having an axicon. 
10 FIGs. 9A, 9B, 10A, 10B, 11A, and 11B show MTF curves 

for athermalized plastic lenses having different axicons . 
FIGs. 12 and 13 show MTF curves for different 
n spatial wavelengths used with athermalized plastic lenses 

v|3 having different axicons. 

Ill 

m 

U 15 Description of the Preferred Embodiments 

FIG. 1 illustrates a lens 10 that is. an embodiment 
of an athermalized plastic hybrid lens ("hybrid lens' 1 ) that 
5 includes refractive and diffractive optics. As described 

below, by balancing changes in optical properties resulting 
h fc 20 from temperature -induced expansion or contraction of lens 
^ material ( "optothermal changes") , the hybrid lens achieves 

p thermal performance characteristics similar to those of a 

glass lens, while being inexpensive, lightweight, and easy 
to shape. The balancing is accomplished by special 
2 5 properties of surfaces and elements of the hybrid lens 

(e,g., spherical refractive surfaces 12, 14 and diffractive 
optical elements ("DOEs") 16, 18 of lens 10), as described 
below. 

In at least some cases, the optothermal changes 
30 resulting from a temperature change produce a focal length 
difference. For a particular lens, the nature of the 
relationship between the temperature change and the focal 
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length difference depends on the characteristics of the 
lens. In an athermalized lens, the temperature change 
produces no significant focal length difference, i.e.., the 
focal length of an athermalized lens is not significantly 
affected by temperature changes. 

Lens 10 has a focal length f that includes the 
following components that are related as described in 
equation (1) below: a refractive focal length f r due to the 
refractive surfaces 12, 14 which have focal lengths f rl and 
f r2 , respectively, and a diffractive focal length f d due to 
the DOEs 16, 18 which have focal lengths f dl and f d2 , 
respectively. 



ill 
rij 



(i) 



iff = d/f rl * i/f dI ) * d/f r2 * i/f d2 ) = iff, + i/f d 



^ The refractive surfaces 12, 14 and DOEs 16, 18 have 

n 15 opto-thermal expansion coefficients x r and x d , respectively, 
4= each of which is a measure of the extent to which the 

respective focal length (f r or f d ) is changed per unit of 
temperature change. Equation (2) below relates changes Af, 
Af r , and Af d in focal lengths f, f r , and f d , respectively, to 
2 0 a temperature change AT. 
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Since lens 10 is athermalized, focal length change 
Af may be taken to be zero, to produce equation (3) which 
shows that in lens 10 the ratio of expansion coefficient x r 
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to focal length f r Is balanced by the ratio of expansion 
coefficient x d to focal length f d . 



(3) 
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Solving equations (1) and (3) simultaneously 
produces equations (4a) and (4b) which show that the ratio 
of coefficient x r to coefficient x d and its inverse define 
relationships between focal length f and focal lengths f.. 
and f d/ respectively. 



(4a, 4b) 



V- ! 

X J J 



X. 



10 For both the refractive surfaces and the DOEs, lens 

10 may use polycarbonate material, for which expansion 
coefficients x, and x d have the following values: 



(4c) 



.x=246(xlO" 60 C"') 



(4d) 



A-.,-131(xlO* 60 C' 1 ) 



15 Equations (5a) and (5b) below show that substituting 

the polycarbonate coefficient values into equations (4a) and 
(4b) produces a directly proportional relationship between 
focal length f and focal lengths f r and f d , respectively. 



(5a) 



fr = 
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131 



/ = -0.878/ 
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Where lens 10 uses acrylic material, the following 
values and equations apply. 

(so .r=315(xlO- 60 C') 



(5d) 



.V=129(xlO' 60 C') 



(6a) 



315 ^ 
129; 



/ = -1.442/ 



(6b) 



1- 



129 
315 



7 = 0.591/ 



Thus, where .the hybrid lens has positive power' 
(i.e., has a focal length greater than zero) and uses a 

10 material (e.g., polycarbonate or acrylic) for which 

refractive surfaces are more sensitive to temperature 
changes than DOEs (i.e., the value for coefficient x r is 
greater than the value for coefficient x d ) , the hybrid lens 
has the general shape of a lens with negative power. 

15 However, in such a lens, the positive power of the DOEs 

overcomes the negative power of the refractive surfaces, to 
produce a net positive power for the lens. In at least some 
cases, such a lens can use DOEs that are small relative to 
the size of the lens. 
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FIGs. 2A and 2B illustrate lenses 20 and 22 of 
polycarbonate and acrylic, respectively, which lenses are 
other embodiments of the hybrid lens and in each of which 
substantially all of the negative power of the hybrid lens 
is provided by one of the surfaces 12' or 12" and 
substantially all of the positive power is provided by 
another of the surfaces 14' or 14". 

FIG. 3 shows a lens 24 that is another embodiment of 
the hybrid lens and in which one of the surfaces 12 ' ' ' 
provides not only substantially all of the negative power 
but also substantially all of the positive power, and the 
other surface 14''' provides no significant negative or 
positive power. As shown in FIG. 3, the one surface may 
include a DOE that is substantially spherical in average and 
the other surface may be substantially flat and may be used 
for aspherical replication. 

FIG. 4 shows a lens 26 that is another embodiment of 
the hybrid lens and in which one substantially spherical 
surface 12'''' provides less of the refractive power than 
another substantially spherical surface 14'''', and 
substantially all of the diffractive power is provided by a 
surface-relief DOE on the other substantially spherical 
surface 14''''. Surface 12'''' may have an aspherical 
surface or replica. 

Where the two surfaces of the hybrid lens contribute 
substantially equally to the diffractive power, a size 
increase amounting to a factor of four may be achieved for 
features of the DOEs without a significant loss in 
resistance to optothermal changes. 

In at least some cases, because acrylic requires 
less refractive and diffractive power than polycarbonate for 
the same focal length f as revealed by equations (5a) , (5b) , 
(6a) , (6b) above/ it may be advantageous for the hybrid lens 



to be constructed of acrylic material instead of 
polycarbonate material. 

FIG. 5B shows a lens 3 0 that is another embodiment 
of the hybrid lens, which embodiment includes an aspherical 
5 mold that is pressed from a drop of polymer to form an 
axicon 32 on a substantially spherical surface 34 of the 
lens. The lens 30 also includes a DOE 36 formed in another 
surface 3 8 of the lens. FIG. 5A provides a conceptual 
illustration of lens 30. 
10 The DOE 3 6 may have eight phase levels 40a-h as 

illustrated by FIG. 6 which for clarity shows DOE 36 in a 
flat profile, not in the actual convex profile provided in 
accordance with the athermal aspect of the hybrid lens as 
rjg described above . 

^ 15 The axicon enhances the ability of the hybrid lens 

IP 

i h l to focus laser beams to achieve elongated profiles 

rfJ advantageous for bar-code scanning, as described below. 

f (i FIG. 7 shows a lens 42 that is another embodiment of 

3 the hybrid lens, which embodiment has an aspherical surface 

20 34' that has the optical properties of surface 34 combined 
with axicon 32. Thus lens 42 performs similarly to lens 30 
but is a single piece and therefore may be less expensive to 
manufacture. 

Lenses 3 0 and 4 2 may be made of polycarbonate which 
25 has properties described above. 

A lens-axicon combination may be particularly useful 
for extending the working range (e.g., by 50-100%) of a CCD- 
based bar code scanner. In the combination, the axicon 
operates as a phase correction element to allow the scanner 
30 to resolve an out-of-focus bar code that the scanner could 
not resolve by relying on the lens alone. 

FIG. 8 illustrates lens 44 and axicon 46 which 
together are an example combination 4 8 of the lens-axicon 
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combination. Combination 48 has an aperture 50 that has a 
diameter 1 and is a distance a from a CCD imager 52 of a bar 
code scanner, a distance b from an in-focus point 54, and a 
distance z from a barcode-bearing surface 58 at a surface 
5 point 56. The lens 44 may be a doublet, a Cook triplet 
anastigmat or a symmetric double Gaussian, and provides 
optical power to bend incident light toward the imager 42. 
By providing a longitudinal spherical aberration, the axicon 
46 effectively elongates the focal depth of the lens 44 by 
10 contributing phase correction when the surface 58 is not at 
the in-focus point 54. The axicon 46 has an axicon induced 
phase coefficient a. 

Equation (7) describes an MTF value as a function of 
[jj spatial frequency v (e.g., of a bar code symbol) for a lens 

U1 15 having an axicon that includes a circular pupil of diameter 
m lf and has P olar coordinate values p and 9 with an origin at 

%j the pupil's center, and a normalized radial coordination 

value v (i.e., half of the product of p and diameter 1), 
p where X represents the wavelength and k represents the' wave 

20 number (i.e., 2tt divided by the wavelength X).. 

m 

P (7) 

0 

MTF(v) = - \dQ cos{t[4vr cosfl + a( V - 2vr cos 0 + r 4 - Vv 2 + Ivrcos 6 + r 1 )]}nir 

FIGs. 9A and 9B show modulation transfer function 
("MTF") curves MTFla, MTF2a, MTF3a and MTFlb, MTF2b, MTF3b, 
respectively, each of which describes the sharpness of an 
25 image of a bar code symbol as a function of the distance z, 
for a particular value (i.e., 0, -0.003, or -0.001) for the 
axicon induced phase coefficient a and a particular spatial 
wavelength (i.e., 10 mil or 20 mil) of the bar code symbol. 
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A high MTF value represents a substantially in-focus image 
at the imager, and an MTF value near zero represents an 
image that is almost completely out of focus. In general, 
data can derived from an image of a bar code symbol more 
accurately if the image is sharper. 

As shown in FIG. 9A, where the spatial wavelength is 
10 mil and the axicon induced phase coefficient a has a 
value of 0 (i.e., where there is effectively no axicon), 
curve MTF la shows that the MTF value peaks at about 0.75 at 
a z distance of about 5 inches, and remains below 0.2 for 
any z distance greater than 11 inches. By contrast, as 
shown by curve MTF2a, the use of an axicon having a value of 
-0.003 for the axicon induced phase coefficient a changes 
the optical characteristics of the lens-axicon combination 
so that the MTF value peaks at about 0 . 5 at a z distance of 
about 9.5 inches, and remains above 0.2 in a z distance 
range from about 4 inches to about 16 inches. Thus, for 
example, if data can be derived accurately from a bar code 
symbol image that has a sharpness corresponding to an MTF 
value of 0.2 or greater, for a bar code symbol having a 
spatial wavelength of 10 mil the axicon allows data to be 
derived from a distance of up to about 16 inches, which is 
about 5 inches further than data can be derived without the 
axicon. 

FIGs. 9A, 10A-10B, and 11A-11B illustrate MTF curves 
MTFlb-MTF3f for other values for the axicon induced phase 
coefficient a. FIGs. 12 and 13 show other MTF curves that 
describe the sharpness of an image of a bar code symbol as a 
function of a normalized spatial wavelength v for several 
values for the axicon induced phase coefficient a and 
several values for focusing error w. 

Other embodiments are within the scope of the 
following claims. For example, each lens may be formed from 



separate pieces (e.g., refractive lens and DOE pieces) or 
may be formed as a single unit. Other types of plastic may 
be used. In each lens, refractive or dif tractive power may 
be distributed in any way that renders the lens 
5 substantially athermalized . 

What is claimed is: 
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